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Introduction

The search for the best material to accelerate and regulate surface reactions has dominated the development of synthetic
heterogeneous catalysts. For each chemical, the optimal catalytic site has a unique physical and electronic structure, which is
commonly discovered through exploratory study, high-throughput screening, guided evolution, and experimental serendipity.
Single metal atoms and alloys, metal-organic frameworks, hierarchical zeolites, multi-metallic and intermetallic surfaces, all
of which give structural and electronic control in the design of catalytic active sites, have all resulted from this quest. However,
the issue of increasing catalytic performance for certain more mature applications by continuing catalyst structural modification
has raised an open question in catalysis: are undiscovered catalysts that might give transformative control of surface chemistry
still exist? Is pursuing optimal catalytic structure purely through materials discovery or optimization even the correct method
for improving catalyst design? The quest of improved catalysts is based on the design concept that more refined structures
would always result in quicker and more selective catalysts; nevertheless, this method ultimately runs against the basic limits
of static catalytic sites. The Sabatier principle, which states that optimum catalysts have intermediate surface binding energies
to balance the kinetic rates of two or more reaction phenomena such as surface reactions, desorption, or adsorption, is the most
stringent catalytic restriction. The idea of the optimal catalyst forming a surface complex that rapidly forms and desorbs,
initially postulated by Sabatier, was proved decades later as kinetic plots known as Sabatier volcanoes, with the optimal catalyst

occurring at maximal turnover frequency. On each side of the volcano, the reduced catalytic rate is due to the catalyst favoring
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one of the elementary processes over the others, resulting in a lower overall turnover frequency across the sequence of steps.
Since then, this idea has been shown over a wide range of chemistries, and it has even been expanded into "volcano surfaces"
or "maps" for multicomponent reactions and dual site catalysts. . Static catalysts' selective capacity for several key chemistries
has likewise reached a performance plateau. Though there is no theoretical limit to catalytic selectivity in parallel, series, or
more complicated network reaction mechanisms, many commercial chemical processes only achieve 80-90 percent selectivity
to desired products with the best available static catalysts, including large-scale reactions like ethylene epoxidation and propane
dehydrogenation, as well as technologies. When using kinetically controlled catalysts, 80 percent selectivity means the desired
reaction is only four times quicker than undesirable routes. Furthermore, there are hundreds of possible catalytic technologies
that are not yet sufficiently selective for economic viability, such as direct methane oxidation to methanol, CO2 conversion to
methanol or ethylene, and hydrogen peroxide production from oxygen and hydrogen. To obtain almost perfect product
selectivity (>99 percent) for most compounds, increasing the Kinetic ratio of desirable-to-side-reaction rates by orders of
magnitude will necessitate an entirely different approach to catalyst design. The nature of catalytic processes leads to a
complementary catalysis strategy to active site design. Surface reactions are a series of stages that each have their own energy
and temporal properties. An effective static catalytic active site is intended to balance the demands of two or more elementary
phenomena from this perspective. It's improbable that the optimal active site for product desorption is simultaneously ideal for
surface reaction and reactant adsorption. A dynamic catalytic active site, on the time scale of the reaction's turnover frequency,
might evolve across the catalytic cycle, offering the best energetic environment for each step and the overall advancement of

the reaction sequence.



